OBJECTIVE: To investigate the associations between energy density (ED) and macronutrient composition in the National Diet and Nutrition Survey of Children aged 1 1 2 ± 4 1 2 y, hypothesizing that high-ED diets tend to be high in sugars as well as fat. DESIGN: Further analysis of data from a cross-sectional dietary survey of 1675 children with complete 4-day weighed dietary records. Differences in diet composition and food choice between children with diets of high, medium and low ED (de®ned as kJag of all food and drink) were identi®ed. The possibility of confounding by water, or by soft drinks, was also explored in age-adjusted correlations. RESULTS: High-ED diets ( b 3.7 kJag of total diet) were proportionately richer in fat and lower in carbohydrate, compared with diets of low ED (`2.9 kJag). In contrast to the hypothesis, high-ED diets were found to be proportionately lower in sugars, and higher in starch. Children with high-ED diets consumed more of a whole range of foods: meat, eggs, potatoes, cereal products, confectionery, sugarapreserves and savoury snacks, but consumed less soft drinks, water and fruit. CONCLUSION: The inverse relationship observed between sugars and energy density may be partly attributable to the reciprocal relationship between sugars and fat, expressed as a proportion of energy. It may also re¯ect developing preferences in young childhood for a more adult-type, energy-dense, diet. Further work is required to verify EDamacronutrient relationships in other age groups, as the results have potential implications for obesity prevention and for food product development.
Introduction
It is now generally accepted that diets high in fat are conducive to obesity. 1 High-fat diets appear to undermine the normal physiological regulation of food intake and induce hyperphagia. 2 ± 4 The term`passive over-consumption' has been coined to describe this. 5 While several attributes of fat, such as high palatability and low satiating capacity, could contribute to passive over-consumption, experimental manipulations of diet composition have suggested that it is energy density (ED) that is the principal driving force. 6 ± 9 If ED is of prime importance, and fat content secondary, this has implications both for dietary advice and for new product development. 10 For weight control, a diet that is low in fat but high in carbohydrate is recommended, mainly on the basis that carbohydrate has a lower ED and is more satiating than fat on an iso-energetic basis. Few studies, however, have examined the in¯uence of the carbohydrate components (starches and sugars) on ED.
11 ± 13 Current dietary advice advocates increasing the proportion of starch in relation to sugars. This would seem justi®ed for the prevention of obesity if sugars increase the ED of the diet while starches decrease it. 14 To date, evidence for this point of view has been based on data on weaning foods in developing countries, where the aim is normally to increase the energy density of mixtures without increasing viscosity. The same considerations do not apply to the higher-ED diets of the developed world.
The present study was undertaken to examine whether epidemiological evidence from a recent UK dietary survey of pre-school children 15 supports the hypothesis that energy-dense diets tend, in practice, to be high in sugars, whether expressed as total sugars or as non-milk extrinsic (NME) sugars. Relationships were examined between macronutrient composition and energy density calculated in the standard manner, as total energy intake divided by the weight of all food and drink consumed. Supplementary analyses also examined the effect on the correlations of excluding water, or soft drinks. The amount of tap water consumed is a potential confounder in the calculation of energy density, since this will reduce the ED without altering macronutrient composition, while the composition of soft drinks (high-sugars, low-ED) could conceivably introduce a spurious inverse relationship between ED and sugar concentration.
Methods
The data used were from the National Diet and Nutrition Survey of Children aged 1
15 a recent study which is both nationally representative of the age group investigated, and of an exceptional standard with regard to dietary assessment method and data on food composition. Under-reporting was an issue considered by the original investigators and, in a feasibility study prior to the main survey, doubly labelled water was used to validate the dietary recording procedure. 16 On average, the measures of intake and expenditure were extremely close, suggesting that the records completed by the main carers of these children were generally reliable. Some mis-reporting is inevitable in any dietary survey, but adjusting for energy in the present analysis should have minimized distortions; there is little evidence to suggest underreporting is macronutrient-speci®c. The methodology of the survey itself is detailed elsewhere, 13 but brie¯y, food intakes were assessed from 4-day weighed dietary diaries (n 1675) completed by the child's main carer. Energy and nutrient intakes, including NME sugars, were calculated by the original investigators using the Ministry of Agriculture, Fisheries and Food database of 6000 foods, which included home-made recipes, infant foods and branded items.
Statistical analyses were carried out using SPSS software, version 8.0. 17 Energy density (ED) in kJag was calculated for each child as total energy intake divided by the total weight of all food and drink consumed. Two further de®nitions of energy density of the diet (one excluding tap water, the other excluding soft drinks) were also computed. Partial correlation coef®cients (adjusted for age) were examined between ED, total energy intake (EI) and the percentage of energy from fat, carbohydrate, starch, total sugars and NME sugars. Macronutrient composition and food intakes were compared between children classi®ed according to the ED of their diets, using tertile cut-offs: low-ED (`2.9 kJag), medium-ED (2.9 ± 3.7 kJag) and high-ED ( b 3.7 kJag). To examine whether the inverse correlation of ED with sugars was due to the strong relationship between energy density and fat, partial correlation coef®cients were also computed, adjusted for percentage energy from fat, as well as for age.
Results

Correlations between energy density and macronutrient composition
In any cross-sectional survey, correlations between nutritional parameters tend to be weak despite their statistical signi®cance. As expected, ED was positively correlated with percentage energy from fat (r 0.29; P`0.0001) and with EI (r 0.22, P`0.0001). ED was inversely associated with percentage energy from carbohydrate (r 70.23; P`0.0001). There was no signi®cant association with percentage energy from protein (r 70.04; P 0.10). Of the carbohydrate fractions, total sugars (percentage energy) had the strongest inverse relationship to ED (r 70.33, P`0.0001), while NME sugars were also inversely related to ED (r 70.25; P`0.0001). Starch, by contrast, was positively correlated with ED (r 0.18, P`0.0001). The direction and magnitude of the correlation coef®cients were not altered substantially using the de®nition of ED that excluded tap water ( Table 1) .
Characteristics of children with diets of high energy density
In the analysis by tertile of ED (Table 2) , children with high-ED diets ( b 3.7 kJag) ate proportionately Figure 1 ). Starch intakes were higher (23.9% vs 21%) in those with high-ED diets, while intakes of total sugars (26.2% vs 31.6%) and NME sugars (17.3% vs 21.1%) were lower ( Figure 2 ). All these differences were highly signi®cant (P`0.0001). High-ED diets were lower in protein (12.7% vs 13.1% energy, P`0.0001), but there was no difference in non-starch polysaccharide (NSP) density across the tertiles. A direct association between ED and body mass index (BMI) would not be expected in a cross-sectional survey. The lower mean BMI among children with high-ED diets, compared with those with low ED diets, is explained by the 6 months age difference, and by the normal decline in relative weight between the ages of 1 and 5 y. 15 The lower section of Table 2 shows the differences between ED groups in the percentage of energy derived from starchy andaor sugary foods. Compared with children having diets of low ED, children with high-ED diets ate more fried potatoes (P`0.0001), bread (P 0.001), savoury snacks (P 0.011) and Energy density and sugar intake in young children SA Gibson savoury dishes like pasta, rice and pizza (P 0.035). Consumption of spreading fats, however, was not signi®cantly different. Children with high-ED diets ate more sugar confectionery (P`0.0001), but the difference in consumption of biscuits and cakes, and also chocolate, did not reach statistical signi®cance. Soft drink consumption was signi®cantly lower in the high-ED group (P`0.0001). The quantities consumed of various foods, including drinks, are shown in Table 3 . As noted above in the table adjusted for energy, children with high-ED diets ate more of a range of foods that are typical in a more adult diet. Conversely, children with low-ED diets consumed more fruit and more tap water, as well as more soft drinks. There was no signi®cant difference between ED groups in the quantities of vegetables or fruit juice consumed. Mean energy intakes among children with high-ED diets ( b 3.7 kJag) were 15% higher than those of children in the lowest group (Table 2) . This was consistent with, but not fully explained by, a mean age difference of 6 months between the high and low ED groups, which would predict a difference of about 6% in the estimated average requirement (EAR) for energy at these ages. 18 
Energy density excluding soft drinks
The ®nding that children with the least energy-dense diets consumed signi®cantly more soft drinks raised the possibility that the composition of soft drinks (high-sugars, low-ED) explained part of the observed inverse relationship between energy density and sugars in the total diet. When energy density was recalculated to exclude the contribution of soft drinks (Table 1) , it remained inversely correlated with total sugars (r 70.20; P`0.0001) and positively correlated with starch (r 0.24; P`0.0001). The inverse association with NME sugars all but disappeared, but did not become positive.
Correlation between energy density and sugars energy after adjustment for fat energy Partial correlations (adjusted for age and fat energy) between ED and energy from carbohydrate sources are shown in Table 4 . The inverse association of total sugar energy with ED persisted, independent of fat energy. NME sugars were also inversely related to ED, although more weakly, while the relationship between ED and starch remained positive (Table 4) .
Discussion
Much recent research effort has been directed towards improving our understanding of the factors driving Energy density and sugar intake in young children SA Gibson energy intake and, among these, the in¯uence of diet composition. It is now becoming apparent that the main reason high-fat diets induce over-consumption of energy is because they are energy dense. 6, 9, 19 The lower satiety value of fat compared with carbohydrate 20, 21 and the high palatability and sensory attributes of fat-containing foods 22 undoubtedly contribute, but energy density may be the prime determinant of passive over-consumption. 6 For example, in a recent study that controlled for the potential effect of both macronutrient composition and palatability, Bell concluded that energy intake was driven by the energy density of the meals provided. 9 A series of investigations using covert manipulations of energy density and macronutrient composition 7, 19, 24 and general reviews of the issue 10, 19 have arrived at similar conclusions.
In the present study, energy-dense diets were associated with a high-fatalow-carbohydrate macronutrient composition. The present results are in accord with other evidence that high-fat diets are energydense and induce passive over-consumption. 1,5,7 ± 9,19,25 A more unexpected ®nding from the present study was that energy-dense diets were relatively low in sugars (total and NME sugars), but higher in starch, compared with diets of low energy density. Exclusion of soft drinks from the ED calculation did not alter the relationship between energy density and total sugars (nor that of starch and ED), indicating that the direction of these associations was not attributable to confounding by soft drinks consumption. Although the inverse association between NME sugars and energy density was annulled on excluding soft drinks from the calculation of ED, there was no evidence of a positive relationship. The possibility was also examined that children who were unwell might have in¯uenced the results, but a reanalysis excluding those children (16% of the sample) did not signi®cantly affect the correlations between ED and macronutrient composition.
The most likely explanation for the inverse association between percentage energy from sugars and ED, is that it re¯ects the`sugar: fat see-saw' phenomenon 26 and the high energy density of fat. However, this is not to say that the inverse association between sugars energy and ED is entirely due to the in¯uence of fat. ED was more strongly correlated with percentage energy from sugars than with fat energy, and percentage energy from sugars was signi®cantly (inversely) associated with ED in regressions even after adjustment for fat energy.
The positive association between ED and percentage energy from starch, and inverse association with percentage energy from sugars (both total and NME sugars) should be veri®ed in other population groups. However, epidemiological studies are limited in that they cannot provide evidence of causality or mechanisms. Careful experimental studies are required to examine the effects of varying the sugars (and starch) content of the diet on ED and also on energy intake. One such study whose results support the present ®ndings has shown that the covert removal of sugar from the diet actually raised the energy density 13 because sugars tended to be replaced by fat and protein. The restoration of sugar to the diet had the opposite effect. The present study has shown that in the context of these pre-school children's diets, high-sugar diets are of low ED in practice. If con®rmed in other age groups, in whom any association with obesity is more pertinent, this offers one explanation as to why sugar, when considered independently of other nutrients, is unlikely to contribute to weight gain and obesity. 2 Given the cross-sectional nature of this survey, no direct conclusions can be drawn between diet composition (or energy density) and obesity or BMI in these children. The positive association of ED with EI is consistent with short-term experimental studies 9, 19 showing that energy-dense diets induce high energy intakes, and is only partly explained by the 6 month age difference between groups. Children with a high energy requirement may preferentially choose energydense foods, which ful®l their metabolic needs within a limited eating capacity. It has been shown, for example, that children can be sensitive to the ED of foods and acquire conditioned preferences for energydense versions. In studies where ED was manipulated by altering the starch or fat content of foods, after repeated consumption, children showed clear preferences for the¯avours paired with high ED. 11, 12 This is one mechanism predisposing individuals to obesity, if the gain in energy intake is not matched by increased energy demands.
If energy density is the most important factor in¯u-encing energy intake, rather than fat content per se, this has profound implications for`diet' products and for nutrition education. In fat-reduced or low-sugar foods, ingredients such as modi®ed starch are often substituted for the missing fat or sugar to maintain palatability, consistency and shelf-life, resulting in products similar in energy density to their full-fat or high-sugar equivalents. 10 This fact may be more widely appreciated by consumers who read labels for energy content than by those who merely select low-fat foods. The results of this study suggest that an increase in the ratio of starch to sugars, as currently recommended, could increase dietary energy density. However, experimental studies are needed to con®rm this under different dietary conditions and, importantly, to examine effects on energy intake and compensatory eating over several days. Energy density deserves more attention in dietary studies, product development and dietary advice for the prevention of obesity. At the same time, it should not be forgotten that some people with small appetites may require energy-dense diets. 
